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ABSTRACT

AN APPROACH TO MAPPING SHALLOW PETROLEUM RESERVOIRS USING
INTEGRATED CONVENTIONAL 3D AND SHALLOW P- AND SH-WAVE
SEISMIC REFLECTION METHODS, TEAPOT DOME FIELD,
CASPER, WYOMING

Anita O. Okojie-Ayoro
Department of Geological Sciences
Master of Science

Using the famous Teapot Dome oil field in Casper, Wyoming, USA as a test case, we
demonstrate how high-resolution compressional (P) and horizontally polarized shear
(SH) wave seismic reflection surveys can overcome the limitations of conventional
3D seismic data in resolving small-scale structures in the very shallow subsurface (<
100-200 m (~328-656 ft)). We accomplish this by using small CMP intervals (5 ft
and 2.5 ft, respectively) and a higher frequency source. The integration of the two
high-resolution seismic methods enhances the detection and mapping of fine-scale
deformation and stratigraphic features at shallow depth that cannot be imaged by
conventional seismic methods. Further, when these two high-resolution seismic
methods are integrated with 3D data, correlated drill hole logs, and outcrop mapping
and trenching, a clearer picture of both very shallow reservoirs and the relationship
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between deep and shallow faults can be observed. For example, we show that the
Shannon reservoir, which is the shallowest petroleum reservoir at Teapot Dome
(depth to the top of this interval ranging from 76-198 m (250-650 ft)) can only be
imaged properly with high-resolution seismic methods. Further, northeast-striking
faults are identified in shallow sections within Teapot Dome. The strike of these
faults is approximately orthogonal to the hinge of Teapot Dome. These faults are
interpreted as fold accommodation faults. Vertical displacements across these faults
range from 10 to 40 m (~33 to 131 ft), which could potentially partition the Shannon
reservoir. The integration of 3D and high-resolution P-wave seismic interpretation
helped us determine that some of the northeast-striking faults relate to deeper faults.
This indicates that some deeper faults that are orthogonal to the fold hinge cut
through the shallow Shannon reservoir. Such an observation would be important for
understanding the effect on fluid communication between the deep and shallow
reservoirs via these faults. Furthermore, the high-resolution seismic data provide a
means to better constrain the location of faults mapped from drill hole logs.
Relocation of theses faults may require re-evaluation of well locations as some attic
oil may have not been drained in some Shannon blocks by present well locations.
Therefore our study demonstrates how conventional 3D seismic data require
additional seismic acquisition at smaller scales in order to image deformation in
shallow reservoirs. Such imaging becomes critical in cases of shallow reservoirs
where

it

is

important

to

define

potential

problems

associated

with

compartmentalization of primary production, hazard mitigation, enhanced oil
recovery, or carbon sequestration.
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Introduction
Three-dimensional (3D) seismic reflection data acquisition has become a
powerful tool in reservoir visualization because of its ability to define subtle subsurface
structures and stratigraphy. Although conventional 3D seismic data are useful to detect
and map structural patterns in the deep subsurface, the resolving power depends on the
spatial sampling (e.g., the common mid-point (CMP) “footprint”) and the frequency
content of the seismic survey. These factors impose resolution limits on the subsurface
structures that can be imaged adequately. For example, a typical CMP bin size for a 3D
seismic survey is ~16.8-33.5 m (55-110 ft), which may prevent coherent imaging at
depths shallower than about 100-200 m (328-656 ft). Thus, the conventional, state-of-theart approach to seismic reflection exploration entails a problem in imaging very shallow
reservoirs and in depicting faults and other subtle deformation or stratigraphic features in
the shallow subsurface.
Petroleum exploration targets in the Rocky Mountains are mainly basementinvolved anticlines (Stauffer, 1971). Teapot Dome is one of several anticlines that host
hydrocarbon reservoirs in Wyoming (Figure 1) with a well developed and well studied
fracture system (Thom and Speiker, 1931; Olsen et al., 1993; Doll et al., 1995; Cooper et
al., 2001; Cooper et al., 2006). Teapot Dome, however, is unique in that 3D seismic
reflection and drill hole data sets are available to the public. Production at Teapot Dome
has dropped greatly since the first production there in October 1922 (Cooper et al., 2001).
Teapot Dome field is also known as Naval Petroleum Reserve (NPR-3), which was
created in 1919. Today, it is owned and operated by the U.S Department of Energy, and
functions as a major oil field testing center for enhanced oil recovery and carbon
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sequestration projects and for testing new technologies in drilling, seismic acquisition and
imaging, and geochemical analysis (Fausnaugh and LeBeau, 1997; Orr, 2004; Dennen et
al., 2005; Roth et al., 2005). As part of this project, a structure map of the Shannon
Sandstone and a well-log correlation cross-section produced by the Rocky Mountain
Oilfield Testing Center (RMOTC) (B. Black, personal communication, 2006) were
incorporated in order to integrate the results of the new seismic acquisition with
subsurface information about the oil field. The map and cross-section are to be
considered works in progress and can be expected to be refined in the future as more
information becomes available.
This study is focused on testing the applicability of high resolution P- and SHwave (compressional and horizontally polarized, respectively) reflection data acquisition
with a small CMP bin size and relatively high seismic source frequencies in mapping
shallow subsurface faults and other discontinuities that may affect shallow reservoir
compartmentalization and that cannot be imaged by conventional 3D seismic data.
Detailed understanding of fault and fracture characteristics is essential for accurate
reservoir compartmentalization models. It is also important in understanding potential
fluid or gas conduits between deep and shallow reservoirs. An enhanced understanding of
fault-related compartmentalization could aid hydrocarbon extraction as well as carbon
sequestration projects.
The results from the high-resolution seismic work are integrated with 3D seismic
data, correlated drill hole logs, and shallow trenching across a previously recognized (but
poorly known) near-surface fault zone with the aim of investigating the interaction of
deeper faults with shallow faults, the distribution and detailed structure of shallow faults,
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and their vertical extent. Our investigation specifically provides an opportunity to study
faulting of upper Cretaceous sandstones and shales that host known and potential
petroleum reservoirs. This study also demonstrates that deformation of deep
Pennsylvanian units related to the Laramide orogeny, can be correlated to shallow, nearsurface deformation. It also shows that high-resolution seismic methods are essential for
revealing and mapping fine-scale deformation and stratigraphic features within a 3D
seismic volume at shallow depths. High-resolution P- and SH-wave seismic surveys have
previously been combined to map subtle deformation in various near-surface
environments in the New Madrid seismic zone (Woolery et al., 1993; McBride et al.,
2001; Pugin et al., 2004; Bexfield et al., 2006). We take the combined waveform
approach further by also integrating high-quality 3D seismic and drill hole information.

Geological Background
Regional tectonics
Teapot Dome is a Late Cretaceous through Eocene Laramide structure located
near the southwest corner of the Powder River basin about 48 km (~30 mi) north of
Casper, Wyoming, USA (Curry, 1977) (Figure 1). The Laramide orogeny was a
widespread mountain-building event that affected the Rocky Mountain and Colorado
Plateau provinces. The deformation extends from northern Montana to southern New
Mexico and from the western High Plains to eastern Utah. The orogeny has been
described as a regional compressional event (Blackstone, 1980; Hamilton, 1988;
Dickinson et al., 1988; Saleeby, 2003). Dickinson et al. (1988) noted that Laramide
structures basically record a net northeast-southwest shortening of the North American

3

craton. With shortening came uplift in a broad arch of the region within the Cretaceous
interior seaway (Dickinson et al., 1988). The seaway, which started in the midCretaceous, was a huge inland sea that was created as the Farallon plate was subducted
beneath western North America. The uplifts are typically elongated, asymmetric
basement-cored structures controlled by blind thrust faults, with a north or northwest
trend (Hamilton, 1988) (Figure 1). Structural basins also formed as a result of the
compression. The Powder River basin, which has nearly 5,500 m (18,044 ft) of
sedimentary rocks, includes over 2,000 m (6,562 ft) of Laramide-age nonmarine clastic
sedimentary rocks (Dickinson et al., 1988; Cooper et al., 2001).
Several models for Laramide deformation mechanisms have been proposed,
including retroarc thrusting (Price, 1981), “orogenic float” tectonics (Oldow et al., 1990),
and flat-slab subduction (Dickinson and Snyder, 1978; Bird, 1988). More evidence favors
a mechanical coupling between the Farallon slab and the base of the North American
lithospheric plate inland of the West Coast subduction zone (flat-slab subduction model
of English et al. (2003)). A similar mechanism is evident today east of the Andes, where
South America presently undergoes shortening in response to flat-slab subduction (Jordan
and Allmendinger, 1986).

Structural Geology
Teapot Dome is a doubly plunging asymmetric breached anticline with a
curvilinear axial hinge line that trends largely northwest-southeast (Figure 2) (Fausnaugh
and LeBeau, 1997; Roth et al., 2005). The backlimb has gentle dips of at least 14º to the
east-northeast while steeper dips of up to 30º are characteristic of the forelimb to the
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west-southwest (Roth et al., 2005). The fold is associated with a west-southwest-vergent
basement-involved thrust fault as seen in 3D seismic data (Figure 3b). Several faults are
exposed and have been mapped in outcrop (Cooper et al., 2001; Cooper et al., 2003;
McCutcheon, 2003; Cooper et al., 2006). Curry (1977) described Teapot Dome as “a
small structural appendage to the much larger Salt Creek anticline” that is located just to
the northwest of Teapot Dome. Together the anticlines comprise a long, northwestsoutheast oriented asymmetric anticlinorium (Klusman, 2005).
The anticline developed several extensional fractures and faults that are oriented
approximately perpendicular and parallel to the strike of the uplift (Thom and Speiker,
1931; Cooper et al., 2001; Klusman, 2005). These fractures and faults developed as a
result of extension across the fold (DeSitter, 1956; Cooper et al., 2001). The 3D geometry
of the anticline allowed for extension both parallel and perpendicular to the hinge; the
longitudinal faults formed due to tension of the outer arc of the fold, and the hingeperpendicular faults formed from stretching of the longitudinal arch in the anticlinal axis.
These faults are fold-accommodation faults. Some of these tensional faults are observed
at the surface where they offset the Parkman Sandstone Member (Klusman, 2005) of the
Upper Cretaceous Mesaverde Formation exposed along the eastern, western and southern
limbs of the Teapot structure (Cooper et al., 2001).

Petroleum Geology
The Teapot Dome field is one of several oil fields in the Wyoming Laramide
foreland (the area of Laramide basement involved structures located east of the Wyoming
overthrust belt (Brown, 1988)) covering an area of approximately 46 km2 (~18 mi2)
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(Klusman, 2005), with more than 1300 wells, 600 of which are currently producing
(Friedmann and Stamp, 2006). The main hydrocarbon producing intervals at Teapot
Dome are the Niobrara Shale, the Shannon, Second Wall Creek, Third Wall Creek,
Tensleep, Muddy and Dakota sandstones (Figure 3), with the shallowest and deepest
reservoirs in the Shannon and Tensleep sandstones, respectively. Production from the
Shannon comprises approximately 50% of the total production at Teapot Dome. The
depth to the top of this shallow producing interval ranges from 76.2 m (250 ft) to 198.1 m
(650 ft).

Stratigraphy and Description of Producing Zones and Important Seismic Markers
The Mesaverde Formation has been eroded within the central region of Teapot
Dome, exposing the upper part of the Upper Cretaceous Steele Shale Formation, which
contains the Sussex and Shannon Sandstone members (Klusman, 2005) (Figure 3). The
Sussex Sandstone is interbedded with nine units of bentonite mapped at outcrop scale in
combination with well data (M. Milliken and B. Black, Rocky Mountain Oilfield Testing
Center (RMOTC), personal communication, 2006), including an area immediately
adjacent to our study area.
The Shannon Sandstone Member of Teapot Dome was described as a bioturbated
shoreface deposit by Walker and Bergman (1993). Tillman and Martinsen (1984)
proposed that deposition started about 83.5 Ma ago during the late stages of the
Cretaceous Western Interior Seaway regression. Walker and Bergman (1993) defined two
stacked coarsening-upward successions. They calculated an average thickness of 25.1 m
(~82.3 ft) for the upper succession and an average of 21.2 m (~72.5ft) for the lower
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succession. Cooper et al. (2001) described the Shannon sandstones as mostly bioturbated
clayey sandstones not susceptible to fracturing, with only a few inches of clean
sandstones present. Seismic reflections from the Shannon and Sussex intervals are
possible due to the impedance contrast between the sandstones and the interbedded shale
layers. The boundary between the Steele Shale and the Shannon Sandstone is thus
expected to be reflective. The reflectivity potential is dependent on the contrast in both
velocity and density properties of the Steele Shale compared to that of the Shannon
Sandstone, as shown, for example, in acoustic logs (Figure 6).
The Second Wall Creek Sandstone is part of the upper Cretaceous Frontier
Formation (Figure 3), which was deposited by a prograding fluvial-deltaic system
(Cooper et al., 2001). Its thickness at Teapot Dome is about 12 m (~39.4 ft) (Curry,
1977). Porosities are less than those in the Shannon Sandstone. The formation has a
thickness of about 9 m (~29.5 ft) in the area north of the structural saddle separating the
Teapot from the Salt Creek structure, and 12 m (~39.4 ft) south of the saddle over the
main part of the dome. It is the second largest (cumulative) producing interval at Teapot
Dome (Friedmann and Stamp, 2006).
The Pennsylvanian Tensleep Sandstone (Figure 3) has historically been one of the
most productive zones. It has an average porosity of 8% (Friedmann and Stamp, 2006),
with productive reservoir zones exhibiting porosities of over 20%. As noted by Zhang et
al. (2005), the Tensleep is characterized by a gradational change from marine to
continental sandstones. The marine sandstone consists of abundant corals, tabular
carbonate and thin sandstone beds, while the continental sandstone has thick porous and

7

permeable eolian cross-beds and thin discontinuous carbonates. About 35 wells have
been drilled into the Tensleep (Friedmann and Stamp, 2006).

Relevant Previous Investigations
The first detailed analysis of the Teapot Dome field was carried out by the U.S.
Geological Survey (Wegemann, 1911). A detailed summary of the history of the field up
to the 1970’s was provided by Curry (1977). Studies of the Teapot Dome field have
included water analysis from producing formations (Stabler, 1931), geochemical analysis
of oil samples (Dennen et al., 2005) and stratigraphic and structural mapping
(Wegemann, 1911; Thom and Spieker, 1931; Obernyer, 1986; Cooper et al., 2006). Field
characterization at Teapot Dome has involved both outcrop and geophysical analysis to
define the large-scale field structure. Fault and fracture analysis has been a major part of
these studies. Thom and Speiker (1931) observed two sets of faults and fractures; one set
striking perpendicular to the fold hinge and the second set striking parallel to the fold
hinge. Doll et al. (1995) included a third set of fractures oriented N65ºW. Copper et al.
(2006) detailed two sets of faults at the Parkman Member of the Cretaceous Mesaverde
Formation; the fault set that is most common along the eastern limb of the anticline is
made up of northwest- and southeast-dipping normal and normal-oblique faults that strike
northeast with a right lateral slip; and the fault set that dominates the southern hinge of
the anticline consists of normal conjugate faults with northeast and southwest dips
striking subparallel to the hinge of the fold. The faults on the eastern limb have offsets of
up to 40 m (~131 ft), which decreases to the southwest where small offsets of 0-30 cm (01 ft) are observed. Fractures mapped by Cooper et al. (2006) can be summarized in three
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sets: hinge-parallel fractures, west-northwest-striking hinge-oblique fractures, and
northeast-striking hinge-perpendicular fractures (Figure 2). Milliken and Black (RMOTC,
personal communication, 2006) mapped surface faults and faults at the Shannon and
Sussex levels of Teapot Dome, and correlated surface faults to well data. Part of their
work involved mapping deep subsurface faults from the level of the Pennsylvanian all the
way to the level of the Dakota Formation from 3D seismic data. No work has yet been
done on correlating deep subsurface faults with faults in the shallow subsurface
reservoirs.

Methodology
Previous subsurface mapping of deformation structures at Teapot Dome has
produced seismic images at deep hydrocarbon reservoir levels. The true upward vertical
extent of these faults however cannot be resolved using the conventional 3D seismic data
acquired on behalf of RMOTC in 2001. Faults at the shallow reservoir levels are not
captured due to large CMP bin sizes (110 ft (33.5 m)) and the relatively low frequency
content of the 3D seismic data. The integration of P- and SH-wave data enhances the
shallow detection and mapping of fine-scale deformation and stratigraphic features,
which cannot be imaged by conventional seismic methods. Both waves have different
limits of vertical and lateral resolution, and different depths of penetration. The behavior
of a P-wave is controlled in part by the bulk modulus of the medium and thus affected by
the presence of fluid, while the SH-wave velocity is only dependent on the density and
shear modulus of the medium. The ability to resolve shallow subsurface structures in a
medium using SH-wave is due to their slower travel time and shorter wavelength, which
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varies from one-half to one-third of the wavelength of P-waves (Woolery et al., 1993;
Pugin et al., 2004; Bexfield et al., 2006).
The 3D seismic data were acquired by a contractor using four AVH III 392
vibrators with a linear sweep of 8-96 Hz recording with a 2-ms sample rate. The group
and source intervals were both ~67 m (220 ft) and the spread dimensions consisted of 10
lines of 120 channels. The receiver line spacing was ~268.2 m (880 ft) and the source line
spacing was m ~670.4 m (2200 ft). The CMP bin size was approximately 33.5 m x 33.5
m (110 ft x 110 ft). The geophone array consisted of 6 phones in approximately a 6-m
(19.7-ft) diameter circle. The processing of the 3D data included trace editing, CMP sort,
velocity analysis, refraction statics, residual statics, NMO correction, first break muting,
CMP stack, a trapezoidal band-pass filter of 8/16-80/90 Hz, and time migration. The
stacked section has been processed only in time without depth conversion. A replacement
velocity of 9000 ft/s (~2743 m/s) was applied for static corrections based on a datum
elevation of 5500 ft (~1676 m) above mean sea level.
Two pairs of high-resolution 2D seismic P-wave and SH-wave profiles were
acquired specifically for this study within Section 34 of Teapot Dome anticline (Figure
2): Profile 1 trends roughly north-south as an oblique dip section, while Profile 2 trends
northwest-southeast furnishing more of a strike section (Figure 2). Section 34 was chosen
as the study area because it had good well coverage, and because large faults had
previously been mapped there (Figures 2 and 5a). 2D profiles extracted from the 3D
volume (Figure 3B) provide images of structures for depths corresponding to 650 ms to
1300 ms travel time, but structures are not resolvable at the shallowest producing
(Shannon) levels at depths of 106 m to 198 m (350 to 650 ft) (depths based on the time-
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to-depth conversion using the replacement velocity) because resolution begins to die off
starting at 500 ms leaving typical V-shaped gaps from the mute function and the drop in
effective fold of cover (Figure 4).
During the acquisition of the 2D P- and SH-wave data, systematic noise was
minimized by shutting down oil pumps as we passed through the survey area. The
principal targets of the 2D reflection profiles (Tables 1 and 2) were faults in the shallow
Sussex and Shannon levels, which may be correlated with faults mapped at deeper
horizons in the subsurface from the 3D seismic data. A 45 kg (100 lb) accelerated weight
dropper mounted on the back of an all terrain vehicle served as the P-wave source. The
records were field stacked four times in order to cancel random noise and were recorded
by a 48-channel roll-along CMP recording system using 28-Hz geophones. Both the
receiver and source spacing was ~3.05 m (10 ft) for the P-wave surveys. For the SHwave surveys, a land streamer technique (Pugin et al., 2004) was used that involves a 12channel geophone spread pulled by a truck, with a 1.52 m (5 ft) receiver and source
spacing. This technique utilizes gravity coupling of two horizontal geophones mounted
opposite to each other on steel sleds. This arrangement cancels the P-waves while the two
components of the SH-wave are field summed (Pugin et al., 2004; Bexfield et al., 2006).
The SH-wave source was a 1 kg (2 lb) steel mallet, struck against a vertical metal plate.
Shallow SH-wave recording normally involve using lower frequencies and require a less
energetic source compared to that used in P-wave surveys (Pugin et al., 2004). Using a
higher energy source could overdrive the amplitude of the Love wave contamination at
the expense of the weaker reflected arrivals. Coupling of the plate to the ground was
provided by the weight of the truck resting on a horizontal wooden plank fixed to the
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vertical strike plate. The short spatial sampling of receivers and shot intervals of the Pand SH-wave (Tables 1 and 2) increased the resolution of very shallow targets at about
100 m (328 ft) depth or less. This enables the imaging of faults at the Shannon and/or
Sussex level of Teapot Dome. The two 2D seismic profiles were oriented along available
roads in order to cross four fault zones previously mapped from correlated well data
(Figure 5).

Table 1
Acquisition parameters

High resolution P-wave

Signal source

45 kg (100 lbs) weight dropper

Shot interval

3.05 m (10 ft)

Channels

48

Field stack

4

Geophone type

28-Hz, vertical

Receiver interval

3.05 m (10 ft)

Nominal fold

24

CMP bin size

1.5 m (5 ft)

Record length

1.5 s

Sample rate

0.25 ms

Acquisition type

Line 1: end-on, Line 2: split spread
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Table 2
Acquisition parameters

High resolution SH-wave

Signal source

1 kg (2 lbs) steel mallet struck against
vertical plate

Shot interval

1.52 m (5 ft)

Channels

12

Field stack

3

Geophone type

14-Hz, horizontal

Receiver interval

1.52 m (5 ft)

Nominal fold

6

CMP bin size

0.75 m (2.5 ft)

Record length

1.0 s

Sample rate

0.5 s

Acquisition type

End-on, pulling the spread

Table 3
Processing parameters: P-wave
Data conversion SEG2 to SGY
Geometry assignment
Trace editing and killing of bad traces
Predictive deconvolution: 120-ms operator length; 20-ms lag
Top and bottom muting of direct arrivals, surface waves, headwaves
Band-pass filter 40-60-120-240 Hz
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Automatic gain control 200-ms window
Elevation and refraction statics correction; Elevation datum (1676 m)
(5500 ft) and replacement velocity (2743 m/s) matched 3D seismic
data
Velocity analysis
Normal move-out correction
CMP stacking
Apply tau-p-based spatial filter to suppress low-apparent velocity
noise
Test time migration
Depth conversion using replacement velocity

Table 4
Processing parameters: SH-wave
Data conversion SEG2 to SGY
Geometry assignment
Trace editing and killing of bad traces
Top mute to remove first breaks and Love waves
Band-pass filter 20-30-55-60 Hz
Automatic gain control 200-ms window
Elevation statics correction; Elevation datum (1676 m) matched 3D
seismic data; replacement velocity (1372 m/s) matched ½ that of 3D
seismic data (assuming vp/vs ratio = 2)
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Velocity analysis
Normal move-out correction
CMP stacking
Trace mixing

Processing of the data involved several steps (Table 3 and Table 4), including
geometry assignment, CMP sorting, stacking of CMP records, eliminating bad traces,
filtering of noise, testing and applying top and/or bottom mutes, and application of
refraction statics for the P-wave data.
For the P-wave data, a predictive deconvolution (Table 3) was very successful
when applied in the shot domain for compressing the wavelet and reducing reverberation.
Both top and bottom mutes were designed and applied to the shot records. The top mute
had to be chosen carefully to avoid muting high frequency reflections that merge with the
refracted arrivals. Merging of refracted and high frequency reflected arrivals is a common
problem in high resolution seismic data (Steeples and Miller, 1990; Steeples and Miller,
1998). Alternatively, a CMP stretch mute was applied (at 50%) before stacking in order
to strip off the direct and headwave components just prior to stacking. The bottom mute
was chosen to eliminate strong surface wave contamination. A trapezoidal bandpass filter
was applied to the shot records in order to minimize noise in the stacked data. Elevation
and refraction static corrections were applied with a replacement velocity of ~2743 m/s
(9000 ft/s). This velocity and an elevation datum of ~1676 m (5500 ft) were chosen to
match those of the previously processed 3D seismic data set. The refraction static
correction accounts for lateral variations in shallow velocity structure making use of the
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first arrivals on the shot records. Due to strong lateral changes in near-surface velocity, a
static correction based on a two-layer velocity model derived from first-break analysis
(direct arrivals and headwaves) was critical, especially for Line 2, which had extreme
topographic variation from a deep drainage (Teapot Creek) as well as variations
associated with low-velocity fluvial and bentonite layers. Applying only an elevation
statics correction (Figures 12b and 15b) creates a stacked section with “structure” that
correlates too closely with topography and contains many spurious offsets that could be
mis-interpreted as faults. The reflector structure shown with a correct stacked solution
agrees closely with 2D profiles extracted from the 3D seismic volume (e.g., cf. Figures
12a and 17 for Line 1). Because the P-wave data were processed with an elevation datum
matching that of the 3D data, both data sets could be directly compared in travel time.
Although migrations of the stacked sections were tested, we display the data unmigrated
because the dips of the reflectors were quite low. Finally a filter was applied post-stack
based on a tau-p inversion in order to suppress low-apparent velocity noise associated
with scattering and spatial aliasing. It should be noted that at the beginning of each of the
high-resolution P-wave profiles, where the fold of cover is low (CMPs 201-249) and the
stack dominated by near-offset, lower-apparent velocity events, we may expect that the
geometry of reflectors may not be totally accurate.
Processing of the SH-wave data involved applying a top mute to remove the first
breaks and Love waves, velocity analysis to choose stacking velocities, elevation statics
using a replacement velocity of 1372 m/s (~4502 ft/s) (or ½ the P-wave replacement
velocity, assuming a vp/vs ratio of 2), normal move-out correction, a bandpass filter
(Table 4), and trace mixing applied in the stack domain in order to suppress low-apparent
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velocity noise. Muting of Love surface waves was one of the most critical steps as shown
in Figure 14b. The steep mute, in combination with bandpass frequency filtering, cuts
back the influence of the strong surface waves, allowing the weaker reflected arrivals
recorded at nearer offsets to stack constructively at higher apparent velocities (Figure
14b). The 12-channel SH-wave data are not as of high quality as the P-wave data and
were acquired mainly to experiment with an alternative approach to imaging shallow
deformation that could be compared with the P-wave data.
Dipole sonic logs were used to determine the ratio of the compressional and shear
wave velocity (vp/vs) at and above the level of the Sussex and Shannon strata. At these
levels, the logs showed that the sands were mixed with significant shale. The cleanest
parts of the sand intervals were chosen for measuring vp/vs by analyzing the Gamma ray
and caliper logs (Figure 6). From the calculations, the vp/vs was determined to be 2 ± 0.2,
which is more typical for shales (Ensley, 1989). The dipole sonic log suggests that this is
a lower limit (Figure 6). This ratio shows that the SH-wave traveled about half as fast as
the P-wave. The displays of the P- and SH-wave records have been scaled according to
this ratio in order to match vertically and match the 3D seismic volume (the SH-wave
travel times may be compared directly with the P-wave sections by dividing the former
by 2 (using vp/vs = 2)).

Faults mapped from well data
RMOTC has mapped faults in the shallow subsurface at the level of the Sussex
and Shannon formations using a large well database (B. Black, RMOTC, personal
communication, 2006). Resistivity and Gamma ray logs from 10 wells (41-SX-34, 42-S-
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34, 43-1-SX-34, 55-S-34, 66-SX-34, 77-1-ShX-34, 87-S-34, 18-S-35, 21-1-ShX-2 and
21-S-2) located in close proximity to the high-resolution seismic profiles (Figure 5) were
correlated and analyzed to identify normal faults. From the well data, eight northeaststriking normal faults were mapped across the profiles at the Shannon level. Four of these
faults were mapped approximately along the location of seismic Profile 1 (Figure 7), with
the other four along the location of Profile 2 (Figure 7). Six of the faults dip toward the
southeast while two faults across Profile 2 (mapped from wells 77-1-ShX34 and 87-S-34)
have a northwest dip. The larger of these faults may be expected to be observed from the
high-resolution seismic data because they cut across the profiles. The well data show that
displacements across the faults are usually less than 30 m (100 ft) with the exception of
one at the southernmost end of the Profile 1 with a throw of a little over 30 m (100 ft)
(Figure 7). Using the Rayleigh criterion (Sheriff and Geldart, 1995), the vertical
resolution limit for the high-resolution P-wave and SH-wave seismic data is 6.9 m (22.6
ft) and 2.8 m (9.1 ft), respectively (based on dominant frequencies of 100 Hz and 45 Hz,
and replacement velocities of 2473 m/s and 1372 m/s respectively). With this resolution
the 2D seismic data should capture these mapped faults.

Faults mapped on 3D seismic data
The 3D P-wave volume made available for this project by RMOTC has
previously been interpreted and mapped for structure (McCutcheon, 2003). For this
study, three major horizons were mapped in order to provide a structural context and to
define deeper fault patterns: the Pennsylvanian Tensleep, Lower Cretaceous Dakota, and
Upper Cretaceous Frontier formations. These horizons appear as prominent reflectors in
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the 3D volume and structure maps of these horizons were made using automated
correlation software (Figures 8 and 9), with which the interpreter may pick a seed point
on a part of the event that is to be mapped and then set a correlation window. The
correlation window gives the interpreter the power to decide the amplitudes to be picked
during the correlation. The software also gives the interpreter the mean score of the
amplitude and the correlation window allows the interpreter to take advantage of
choosing the scores above and below the mean score to be allowed in the mapping of the
horizon. The horizon mapped can be displayed with respect to travel time and contoured
to show the general structural patterns. The faults were identified from alignment of event
terminations on vertical and horizontal sections (Figure 9).
Two major zones of faulting have been previously mapped from the lower
resolution 3D seismic volume at Teapot Dome: the S1 and S2 fault zones (Friedmann and
Stamp, 2006) (Figures 2 and 9). The S1 fault zone has been described as a right lateral
NE-SW oblique-slip fault within section 10 of Teapot Dome to the south of the study
area (Harris et al., 2006, Friedmann and Stamp, 2006) (Figure 2). It is believed to be a
basement-cored right lateral tear fault that accommodated variations in amounts of
movement along the deep thrust underlying the dome. The faults in the S2 fault zone
have steep dips and are structurally complex. They are northeast-southwest-trending
strike-slip and normal faults cutting across sections 33 and 34 (Friedmann and Stamp,
2006) (Figure 2). Although a number of faults are evident within the entire volume, only
three large faults were mapped for this study; two of these faults are within the S2 fault
zone, while the third one is part of the S1 fault zone (Figure 9). On Figure 9, the
southernmost fault strand within the S2 zone corresponds to the fault crossed by our
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surveys in section 34. The S1 fault dies out at the level of the Frontier Formation. The
faults in the S2 fault zone penetrate upward within the volume until there is a loss of
coherency starting at about 0.55 s, thereby making it impossible from the 3D seismic data
alone to infer the true extent of the fault zone and its possible propagation upward
through shallow upper Cretaceous formations (Figure 4).

Trench investigation
A trench dug at section 33 of Teapot Dome field by RMOTC within the western
part of the S2 fault zone, about 1.3 km west of the 2D seismic profile Line 1, shows
normal faulting at the Sussex level with a down-to-the-south displacement polarity that
matches that mapped generally from deeper levels (Figure 10). This gives evidence of
near surface faulting; however, the vertical extent in depth of these faults cannot be
positively determined from the trench because it is shallow and the offsets cannot be
correlated with deeper penetrating geophysical images.

Observation and Interpretation
The P-wave and SH-wave profiles show the most detailed reflection images of
faults yet observed in the shallow subsurface at Teapot Dome. The Shannon (or an
interface(s) just above it) is identified by a sharp reflection produced by the impedance
contrast at the boundary between it and the Steele Shale. Faults imaged here cut through
upper Cretaceous Shannon and Sussex intervals at depths of ~140-250 m (459-820 ft)
below datum. The identification of the Shannon on the 2D reflection records is supported
by correlation to the 3D seismic volume where the Shannon has been picked from drill
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hole sonic logs by RMOTC and based on direct correlation between the 2D seismic
profiles and a nearby drill hole. Using the drill hole log along Profile 1 (NPR-3, 42-S-34;
Figure 5a), the depth to the top of the Shannon is just a little less than 900 ft (274 m)
below seismic datum (5500 ft (1676 m) above sea level). An average interval transit time
of about 100 micro-seconds per foot for the interval between the surface and the Shannon
sands is observed in the nearest drill hole with a good-quality sonic log and a positive
pick for the Shannon (NPR-3, 81-S-34, northeastern part of section 34 (Figure 5a)). This
average was used to convert travel time to depth, yielding 180 ms below datum, which is
taken to provide a maximum value.
Beneath drill hole NPR-3, 42-S-34, the interval of strong reflectivity arrives
slightly before (“above”) the time expected from the drill hole-derived depth to the top of
the Shannon using the averaged sonic log velocity referred to above. This small
discrepancy may be due to an inappropriately low sonic velocity or a static correction
replacement velocity that is too high. Alternatively, the reflection(s) may represent
interfaces just above the reservoir or between the base of the Sussex and the top of the
Shannon. We note that from the Shannon structural contour map (Figure 5a), it can seen
that the drill hole from which the Shannon depth estimate is taken was drilled over an
area of structural complexity. For the remainder of this paper, we interpret the shallow
reflectivity as the Shannon, but acknowledge that the reflections could be tracking
interfaces just above it.
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Profile 1-P-wave
The shot records observed from the north-south P-wave Profile 1 tended to have
the critically refracted (headwave) and earliest reflected arrivals nearly merged. This can
be seen by comparing shot records from the northern part of the profile, where the
arrivals arrive later (deeper) and are separated, with records near the south end where
arrivals tend to be merged (Figure 11). The apparent velocity of the refracted arrivals was
between 1600 and 2200 m/s. This is a problem commonly encountered in high-resolution
seismic surveying (Steeples and Miller, 1990), and was taken into account during
processing when the top or CMP stretch mute was chosen to prevent the muting of high
frequency reflections but also to prevent inclusion of headwave energy in the stack.
Several trials of muting and filtering were made, with the optimum solution being both a
top mute of the direct arrival and the headwave (third zero crossing), a bottom mute that
eliminates the air blast and the surface waves, and an aggressive CMP stretch mute that
cuts time shifts of 50% or more during normal moveout of the samples. This approach
focuses the stacked section on the onset of strong reflectivity although very shallow Pwave reflections will not appear.
The shallowest reflection on Profile 1 appears at 140 ms at an approximate depth
of 192 m (630 ft) (based on using replacement velocity of 2743 m/s) and continues with a
duration of a few tens of milliseconds (Figure 12). This reflection shows a slightly
anticlinal geometry that matches structure maps and cross-sections constructed from the
drill hole data (Figure 5). The reflection is offset by a number of faults. The relatively
gentle structure of the reflection can be attributed to the somewhat oblique-to-dip
orientation of the profile with respect to the strike of independently mapped fault patterns
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(Figure 5). Comparing the overall structure of the reflector on Profile 1 (Figure 12) with
the drill hole log section (Figure 7) indicates the similarity between the two sections and
confirms the solution obtained from refraction statics: the anticlinal culmination near drill
hole 42-S-34 and the north-dipping strata at the northern end of Profile 1 match. Faults
along the profiles are detected by a lateral change in coherency, an abrupt change in
orientation of reflection, or by an actual offset.
Three normal faults with reflectors down-thrown to the southeast (dip directions
are apparent, in the plane of the section) and a northernmost fault having a downthrown
side apparently to the northwest are observed in Profile 1. The direction of throw of the
latter fault is difficult to ascertain since not all of the structure is visible along the profile.
Furthermore, because this reflection feature appears near the end of the profile, where the
fold of cover begins to drop and the shallow velocity structure derived for static
corrections may not be as well constrained, it should be interpreted with less confidence.
The full extent of the apparent dips on these faults also cannot be determined from the 2D
seismic data alone because deeper offsets are not observable. Faults appear along this
profile below CMPs 286, 398, 548, and 572 from north to south (Figure 13). The two
southernmost faults (CMPs 548 and 572) are large faults with a calculated throw of ~40
m (131 ft), while the northernmost faults (CMPs 286 and 398) are much smaller faults
with offsets not larger than 10 m (33 ft). The throw along the faults was determined using
the replacement velocity of 2743 m/s employed in static corrections for the 2D and 3D
data (Figure 13), which is approximately consistent (within 10%) with sonic log
velocities (Figure 6). The most complex and obvious zone of faulting is beneath CMP
560 (Figure 12a), which is also where the largest drill hole-defined fault is located
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(Figure 7). Other faults as mapped from the drill-hole correlation section (Figure 7)
match in a general way with the faults mapped on the 2D seismic profile.

Profile 1-SH-wave
The first pronounced reflectivity on the SH-wave section for Profile 1
corresponds with the Shannon or layering just above it, based on the analysis from the
vp/vs ratio discussed above. This reflectivity arrives at about 225 ms travel time and
begins to lose coherency at about 300 ms. This corresponds to 154 m (507 ft) and 206 m
(675 ft), respectively below the processing datum of 1676 m (5500 ft) for a static
correction replacement SH-wave velocity of 1372 m/s (Figure 14). The reflection
sequence is highly complex and offset by many more disruptions than visible in the Pwave version of the same profile. This can be attributed to the fact that the SH-wave data
has higher visualization capability due to the shorter wavelengths. Seven normal faults
were interpreted on this profile. The northernmost fault has a northwest dip, while the
other six have a southeast dip in the plane of the section. Faults mapped on the P-wave
section usually are expressed on the SH-wave section, although are not as simply defined
(Figure 14a). The most pronounced offset on the SH-wave section corresponds to the area
of the large fault on Profile 1.

Profile 2-P-wave
On P-wave Profile 2, reflectivity appears at 125 ms and begins to lose coherency
at about 180 ms, corresponding to depths from 171 m to 247 m (563 ft to 810 ft). Four
disruptions of the Shannon reflector, interpreted as normal faults, were observed, all of
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which have a southeast dip in the plane of the section (Figure 15). Most of the faults
mapped here are less well expressed and have significantly smaller offsets than the main
fault observed on Profile 1. The wavy character of some of the events could be related to
a poor static correction solution or could represent actual structural or stratigraphic
variation. The have a relatively uniform throw of ~27 m (88 ft). The faults are located at
CMPs 310, 408, 472, and 742. Most of these locations match well with the locations
derived independently from the correlated drill hole cross-section (Figure 7). The
southernmost fault (CMP 830) seems to mimic a positive flower structure or a reverse
fault with a small back thrust. This structure is subject to interpretation since no reverse
faulting has been documented in outcrop that can be related to this particular fault;
however, evidence of strike slip have been observed in outcrop. The presence of a flower
structures would suggest evidence of transpressional stresses with a component of strike
slip (Harding, 1985). Oblique-slip faults with right lateral slip have been documented in
both outcrop and subsurface study (Cooper et al., 2003).

Profile 2-SH-wave
SH-wave data were acquired only along about the first two-thirds of the P-wave
Profile 2. The shallowest reflection, which starts at about 200 ms on the northwest end of
the profile, is interpreted as being from the Shannon sands interval or just above it
(Figure 16) based on its approximately predicted travel time for a vp/vs ratio of 2, as
discussed earlier for Profile 1. This reflector appears at an approximate depth of 137 m (~
450 ft). The space between CMP 890 and 940 represents an area where data were not
recorded due to a bridge over Teapot Creek. As seen on the SH-wave Profile 1, this
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profile suggests a more intricate pattern of faulting than would be interpreted from the Pwave profile alone. Although the larger fault disruptions mapped on the western part of
P-wave Profile 1 have corresponding expressions along the SH-wave section, many other
smaller faults can be drawn on the SH-wave section.

Integrating the 3D Seismic Volume and the High-Resolution Seismic Sections
An important part of this study was to determine whether faults within shallow
reservoir strata, which cannot be imaged by the conventional 3D seismic data, could be
imaged by high-resolution acoustic methods. We also wished to determine if such
shallow faults could be related to deeper faults as mapped from the drill-hole and the 3D
seismic data that propagate upward to the shallow upper Cretaceous formations. In order
to integrate information from the various data sets, an arbitrary line was chosen on the 3D
volume to match the position in map view of the high resolution profiles. In choosing the
arbitrary line, care was taken to have the line match exactly with that of the high
resolution profile and the faults were extended upwards with as little deviation along the
fault projection as possible. Using an arbitrary line matching Profile 1, the faults which
were previously mapped to be within the S2 fault zone from the 3D volume were
extended upward through where there is a loss of coherency in the seismic data (550 ms130 ms) (Figure 17a). One of the faults belonging to the S2 zone matched with the third
(from the north) and largest fault mapped on the high resolution P-wave Profile 1 (Figure
18). This fault is also the largest fault as defined from the correlated drill hole log cross
section. One major fault defined from 3D volume may project up to the Shannon on the
northeastern end of Profile 2 (Figure 17b).
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Discussion
Combined geophysical and geological data from this study provide the greatest
visual detail of shallow reservoir faults and structure yet seen at Teapot Dome. The
integration of the 3D seismic volume, high-resolution P- and SH-wave 2D data, and
information from well data and one shallow trench data gives a clearer picture of faults
than from any data set used alone. From combining the correlated drill-hole and highresolution seismic data, we can infer that several faults penetrate the Shannon Sandstone
in the study area and that they involve normal displacement. An important limitation
from the 2D seismic profiles is the inability to determine the true dip angle of the faults;
however, based on well data we may conclude that they are high-angle faults, which
would be expected of faults with normal displacement. Two set of faults are observed
from the high-resolution seismic profiles: northeast-striking normal and/or normaloblique faults with southeast and northwest dips. Since these faults have a northeast
strike, they trend approximately orthogonal to the hinge line of the Teapot Dome fold.
Cooper et al. (2006), in their classification of faults within the Mesaverde Formation of
Teapot Dome, observed a set of normal dip-slip faults that are perpendicular to the fold
axial trace. These faults, regarded as hinge-perpendicular faults (Cooper et al., 2006),
include both southeast and northwest dips, which is consistent with our observations. We
thus infer that at least some of the faults observed at the outcrop penetrate deeper through
Upper Cretaceous formations such as the shallow Shannon and even further into
Paleozoic units.
Faults mapped from well data do not always exactly correspond to the locations
from the high-resolution seismic data; however, the larger S2 fault matches exactly.
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Apparent mismatches elsewhere may be explained by the fact that the wells used in the
mapping of these faults are hundreds of feet or more apart from each other and that the
offset between wells ranges from 109 m (359 ft) to 496 m (1630 ft) (Figure 7). Another
reason for mismatch could be that the faults are usually not exactly at the location of the
drill holes, so the faults were drawn only with a limited degree of accuracy as part of a
structural contour map. In order to be able to better constrain the fault locations, more
drill holes with closer spacing would be needed. Dips of the faults from both data look
similar, except for the fault at CMP 286 on Profile 1. This fault has a downthrown side in
the reverse direction from what was mapped from the drill-hole data. As can be seen from
the structural contour map (Figure 5), this fault has been interpreted in a complex area
where the dip direction cannot be strictly determined from the drill-hole data alone.
Furthermore, at the very northern end of Profile 1, the reflector appears to begin rising to
the north, perhaps in response to a northward rise in the Shannon Sandstone across a
fault. Extending Profile 1 to the north would be required to resolve the apparent
discrepancy.
The position and dip of faults mapped on the P-wave profiles match in a general
way with faults on the SH-wave sections. The SH-wave sections show that the faults
penetrate into formations somewhat shallower than the Shannon. The SH-wave data also
provide an opportunity to map more faults than are visible on the P-wave sections. Future
improvements in SH-wave imaging could be brought about with more channels spaced
closer together, which would possibly facilitate frequency-wavenumber filtering of the
Love waves without aliasing problems.
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The result of integrating the interpretation of the 3D volume with the highresolution seismic data provided an opportunity to show side-by-side comparisons,
vertically merging the two where coherency dies out on each (Figure 4b; cf. Figures 17
and 18). Where the 3D coverage stops upward, the high-resolution seismic profile is used
to view further into the shallow Shannon reservoir. This integration reveals that a fault
belonging to the S2 fault zone extends all the way from Pennsylvanian Tensleep
Sandstone to upper Cretaceous Shannon interval and possibly through formations
shallower than the Shannon (Figures 17 and 18). On Profile 2, the northwesternmost fault
can be projected down to a deeper unnamed offset to the southeast that offsets Paleozoic
horizons on an arbitrary 2D profile extracted from the 3D volume (Figure 17b). These
observations are critical because previous fault models of Teapot Dome could not
associate deeper faults with faults mapped from well data in shallow reservoirs due to
lack of accurate confirmation from shallow seismic information. In our study we do not
see a detachment surface between the shallow and deeper faults. Although in our study
area, only two of these faults show a large offset as well as an observable connection with
deeper penetration into the 3D volume, we suspect there are shallow faults elsewhere that
could be associated with deeper faults. Thus, high-resolution shallow seismic techniques
potentially clarify both structural deformation and shallow reservoir partitioning.
Cooper et al. (2006) attributed northeast-striking faults observed at Teapot Dome
to extension that developed parallel to the hinge of Teapot Dome fold, while the fold
itself was a product of compression perpendicular to the hinge at the level of the
Precambrian basement. Extension in the overlying strata was accordingly due to folding
of strata over the rising thrust front. This implies that the shallow faulting took place
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during the same time as Laramide folding and thrusting. The strike-slip (or oblique-slip)
component inferred for some of these faults is attributed to variable displacement across
segments of the basement-involved thrust.

Conclusions
In an attempt to more fully understand the potential for reservoir partitioning in
the shallow Shannon reservoir at Teapot Dome field, we have pursued an integrated
approach of combining two high-resolution seismic techniques with conventional 3D
seismic and drill-hole data. This approach has constrained the interpretation of fault
relationships between deep and shallow reservoirs and hence added to our understanding
of the deformational history at Teapot Dome.
High-resolution seismic data from Teapot Dome field show detailed evidence of
faulting in the shallow Shannon reservoir (and/or interfaces just above it). The integration
of seismic techniques and geological data provides an enhanced picture of a particular set
of faults cutting the main shallow producing interval. Northeast-striking faults have been
observed in previous studies of outcrops and as well as in the deep subsurface at Teapot
Dome. This same set of faults can be seen in shallow sections within the uppermost part
of the fold from integrated P-wave and SH-wave profile results. The vertical
displacement across these faults ranges from 10 to 40 m (33 to 131 ft). These faults are
attributed to Laramide folding as shallow extension in folded strata occurring in
conjunction with deeper contractional deformation.
The combined approach indicates that some of the deeper faults propagate upward
into the shallow producing Shannon interval. Such knowledge is important as these faults
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may serve as conduits or barriers to fluid flow. Knowledge of the location of such faults,
ordinarily considered “sub-seismic” from conventional seismic data, would be significant
determinants in choosing formations for carbon sequestration or enhanced oil recovery
projects.
The faults mapped from drill-hole data provide a generalized picture of the faults
in the Shannon level of Teapot Dome, but with considerable interpretation required for
their location, resulting in an interpretation that is inherently non-unique. Relocating
shallow faults from the high-resolution seismic requires reevaluation of drill-hole
locations as there may be some “attic” oil in the tops of traps in some Shannon blocks
that has not been drained by present well locations. High-resolution seismic data with its
much finer spatial sampling furnish a better and a more detailed picture of faulting in the
shallow reservoir that is impossible using conventional seismic or drill-hole correlation
methods. The strategy applied in this study may be applicable in other areas where a
more complete picture of shallow formations is required.
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Figure 1. (A) Index map showing location of basins and uplifts in eastern Wyoming, and
the location of Teapot Dome with respect to the Powder River Basin. Modified from
Cooper et al. (2006). (B) Location of Wyoming in the United States.
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Figure 2. Detailed location map of study area showing the outline of NPR-3 in blue,
outline of the 3D seismic coverage showing lines and traces, location of section 34 (in
purple), fault patterns from previous study, location of the S1 and S2 fault zones,
and location of the high-resolution P-wave and SH-wave survey. Bold dark line
shows the fold hinge. Lines A, B, and C represent the orientation of faults obtained
from previous studies. A represents hinge parallel faults, B represents hinge
perpendicular faults, while C represents northeast-striking normal-oblique faults.
Green line shows location of trench in Figure 10. Y-Y* shows location of cross
section in Figure 3b on 3D seismic. Modified from McCutcheon (2003).
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Figure 3A. Stratigraphic column within a generalized east-west section, Teapot
Dome, Wyoming. Modified from Raeuchle et al. (2006).
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Figure 3B. Seismic cross section Y-Y* through Teapot Dome showing westsouthwest-vergent basement-cored thrust.
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Figure 4A. Time slices of 3D data at 200 ms (left) and 320 ms (right) showing how CDP coverage
dies out in shallower formations. Grids represent lines and crosslines of the seismic acquisition.

Figure 4B. Comparing the resolution of 3D (on left) and high-resolution 2D (on right) data at
shallow intervals using a portion of the high-resolution P-wave Profile 1 and a contiguous
portion of crossline 228 from the Teapot Dome 3D seismic volume shown at the same scale with
identical datums and replacement velocities.
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305 m
(1000 ft)
Figure 4C. Arbitrary profile through 3D seismic volume located immediately to the west of 2D Profile 1
shown as color amplitude with wiggle trace overlay. Top of Shannon Sandstone correlation based on well
log identification in well NPR-3 43-1-SX-34 along 2D seismic line. In this well, the depth to the top of the
Shannon is just under 900 ft (274 m) below seismic datum (5500 ft (1676 m) above sea level). An average
interval transit time of 100 micro-seconds/ft (10,000 ft/s (3047 m/s)) was observed in a sonic log from well
NPR-3 81-S-34 in section 34 (the nearest available quality sonic log (Brian Black (RMOTC), personal
communication, 2007) for the interval between the surface and the Shannon. This average was used to
convert from depth to time, yielding approximately 180 ms below seismic datum (traveltime = 0).
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Figure 5A. Structural contour map (elevations in feet above sea level) for the top of the Shannon
Sandstone centered over section 34 of Teapot Dome showing faults (black lines) and well locations
(red diamonds) from which the elevations of the Shannon were taken. Also shown are the location of
high-resolution Profiles 1 and 2. Profile 1 trends relatively north-south, while Profile 2 trends
northwest-southeast. Black lines represent faults mapped from well data. Black squares represent
the location of wells used in the mapping of the faults. Red line gives the drill-hole correlation crosssection shown in Figure 7.
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Figure 5B. Regional structural map on top of the Shannon Sandstone. Contour interval is 100 ft
(30.5 m). Red box outlines the study area in section 34. Modified from Fausnaugh and LeBeau
(1997). Note that this structure map was produced without the benefit of the 3D seismic volume
used in the present study.
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Figure 6A. Dipole sonic logs used in determining the vp/vs ratio at the top of the
Sussex Sandstone.
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Figure 6B. Dipole sonic logs used in determining the vp/vs ratio at the top of
Shannon Interval.
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Figure 7. Cross section showing faults mapped from well data (see Figure 5A for line of section). Arrows
show the location of Profile 1 and 2. Gamma ray logs are in red with API units from 0-200. Resistivity logs
are in black with units from 1-100 Ohm-m. SSXS represents top of Sussex Sandstone, SSXB represents the
base of the Sussex, SHNU represents the top of the Shannon interval, SHNI represents intermediate
Shannon, while SHNB represents the base of the Shannon.
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Figure 8. Structure map at the level of the Frontier Formation. Note that the map is
colored with respect to the traveltime (ms). Hotter colors represent structural highs
and cooler colors represent structural lows. Contour interval is 14 ft.
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Figure 9. Faults mapped from 3D data at the level of the Dakota Formation. The faults
belonging to the S1 and S2 faults zones are indicated. The southernmost fault strand within the
S2 zone corresponds to the fault crossed by our surveys in section 34. Display parameters are as
in Figure 8.
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Figure 10. Trench in section 33 of Teapot Dome west of study area showing near
surface normal faulting. Trench location is shown on Figure 2. Extent of trench
shown is 5 ft deep and 10 ft in length (~1.5 and ~3.0 m, respectively). The age of the
bentonite is believed to be Oligocene and faulting observed is believed to be postLaramide faulting. Based on Milliken and McCutcheon (2005).
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30.5 m
(100 ft)
Figure 11A. P-wave filtered shot record with bandpass filter (40-60-120-240 Hz) from the north end of
Profile 1. The records show the refracted and reflected arrivals as separate events from each other. A is
the direct arrival, B is the refracted arrival and C is the reflected arrival. Scale at the top is the channel
number (10 ft (~3.05 m) between channels), while scale on the side is the two-way traveltime.

51

30.5 m
(100 ft)
Figure 11B. Filtered P-wave shot record with bandpass filter (40-60-120-240 Hz) from the south end of
Profile 1. Refracted and reflected arrivals tend to be merged. Scale at the top is channel number (10 ft
(~3.05 m) between channels). A is the direct arrivals and B is the merged reflected and refracted arrivals.
Compare with Figure 11a.
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Figure 12A. P-wave Profile 1 (unmigrated). The shallowest reflection appears at ~140 ms. Reflectivity onset
is interpreted to represent the Shannon Sandstone or interfaces just above it. The arrows at the top show
the position and name of well logs that were used in mapping faults shown on Figure 7. CMP interval for
this other high-resolution P-wave profiles is nominally 5 ft (1.52 m).

53

Figure 12B. P-wave Profile 1 processed as an initial brute stack without refraction statics and with the
frequency filter applied before muting of first breaks in the shot domain. Refraction statics corrects
for variations in near-surface velocities. Compare with Figure 12a.
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Figure 13. Unmigrated seismic reflection Profile 1 with interpreted faults. Blue faults were mapped
from high-resolution seismic data alone. Pink faults are previously mapped faults cutting the top of
the Shannon Sandstone as mapped from well data (Figure 7).
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Figure 14A. Unmigrated SH-wave seismic profile showing denser faulting (tan colored faults) on
Profile 1 than can be observed the P-wave profile. Blue faults correspond with those mapped on
the P-wave profile in Figure 13. Pink faults are as in Figure 13. Arrows show location of wells
used in mapping faults on Figure 7. CMP interval for this other high-resolution SH-wave profiles
is nominally 2.5 ft (0.76 m).
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3.05 m
(10 ft)
Figure 14B. Filtered SH-wave shot record with bandpass filter (15-25-40-60 Hz)
from the south end of Profile 1. Refracted arrivals and love waves are represented
by A and B, respectively. Top mute function is indicated by the red line. Green oval
shape shows the position of the reflected arrivals. Numbers across the top are
channel numbers.
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Figure 15A. Unmigrated P-wave reflection profile along Profile 2. This profile shows somewhat more
deformation compared to Profile 1. Red faults are previously mapped faults from well data (Figure 7).
Blue faults were mapped from the high-resolution P-wave seismic profile.
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Figure 15B. P-wave reflection along Profile 2 without refraction statics correction processed as an initial
brute stack. Compare with Figure 15a.
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Figure 16. Unmigrated SH-wave seismic profile showing faulting along Profile 2. Red faults are
faults mapped from well data (Figure 7). Blue faults correspond with those mapped on P-wave
profile in figurer 15a. Tan colored faults are additional possible faults that are not clearly
observed on the P-wave profile. This section has been processed with an additional (relative to
SH-wave Profile 1) Eigenvector filter (see Jones and Levy (1987) for background information) in
order to enhance lateral coherency.
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305 m
(1000 ft)
Figure 17A. An arbitrary seismic profile through the 3D volume matching high-resolution
P-wave seismic Profile 1 and continuing to the south (left). A fault within the S2 fault zone
(Figure 2) can be drawn through the Frontier (blue marker) and Dakota (red marker)
horizons. The fault is projected up to the level of the Shannon interval (about 180 ms). Loss
of coherency in the data begins at about 550 ms. The fault line drawn to the level of the
Shannon appears in the high-resolution data (Figure 18). Scale at the top shows the line and
crossline numbers.
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Figure 17B. An arbitrary seismic profile through the 3D volume matching highresolution P-wave seismic Profile 2. The fault, which is interpreted to correspond to
the northwesternmost fault (Figure 5A) crossed by Profile 2, is projected up to the
level of the Shannon interval (about 180 ms). This fault (red) appears in the shallow
subsurface on the P-wave and SH-wave seismic profiles (Figures 15A and 16,
respectively).
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Figure 18. High-resolution P-wave reflection profile, showing the fault (in purple) projected from
the arbitrary line extracted from the 3D seismic volume (Figure 17A). This implies that the fault in
purple belongs to the S2 fault zone and penetrates from deeper formations through the shallow
Shannon interval.
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